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Waveguide Polarizer Based On Resonant Tunneling
K. Thyagarajan, Supriya Diggavi Seshadri, and A. K. Ghatak

Abstract—We propose a novel and highly efficient waveguide polar-
izer based on the phenomenon of resonant tunneling. Based on this
principle it is possible to fabricate both TE and TM pass polarizers.
We show that by proper choice of materials it is possible to obtain TM
mode loss greater than 80 dB/mm with a TE mode loss of only 0.5
dB/mm for the TE pass polarizer and TE mode loss up to 24 dB/mm
with a TM mode loss less than 0.8 dB/mm for the TM pass polarizer.

I. INTRODUCTION

RECENTLY there has been considerable interest in wave-
guide polarizers since they form vital components in co-

herent optical communication systems and fiber-optic sensors.
Various mechanisms [l]-[7] have been used for the design of
such polarizers. We present here a novel and highly efficient
polarizer structure based on resonant tunneling effects.

II. PRINCIPLE OF OPERATION

It is well known that in an optical waveguide, the difference
in propagation constants of TE and TM polarizations can be
increased by having a large refractive-index difference between
the guiding region and the surrounding. This large difference
can be made use of in the construction of polarization selective
devices based on resonant coupling phenomena. Fig. 1 shows
the proposed polarizer structure with the corresponding refrac-
tive-index variation. It essentially consists of a nonidentical
waveguide directional coupler formed between the given wave-
guide (#1) and another waveguide (#2) formed by a thin high
index layer (such as silicon) of refractive index nh; waveguide
2 is then covered by a high index overlay (the uppermost layer
in Fig. 1). The waveguide formed by the thin high index layer
is so chosen that its TM mode is resonant with the TM mode of
waveguide #1. If the value of nh is chosen to be sufficiently
large then the TE mode of waveguide 2 will be completely non-
resonant with the TE mode of waveguide #1. Thus light
launched in waveguide #1 in the TM polarization can resonantly
leak out of the waveguide to the overlay medium through wave-
guide #2 (much like in quantum mechanical tunneling) while
for light in the TE polarization, the leakage losses will be ex-
tremely small. Thus the device will behave like a TE pass po-
larizer.

The operation of the polarizer structure can also be analyzed
in terms of the supermodes of the directional coupler. Since the
two waveguides are resonant for the TM polarization, the fun-
damental and the first excited TM modes (i.e., the supermodes
which we label the " + " and " — " super modes) of the coupled
structure will have large amplitudes in both waveguides (see
Fig. 2). Hence, their leakage losses due to the presence of the
high index layer would be large. On the other hand, since the
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Fig. 1. (a) The resonant tunneling polarizer structure, (b) The correspond-
ing refractive-index profile.

n 2

t
>.I

WG - 1

x —••

n 2 k
1

J/
\

W(

h

\

5-2

n 2

MODE

\

\

^

"1

Fig. 2. Field (Hy) of the ( + ) and ( - ) TM super modes for the resonant
tunneling polarizer structure with silicon as the high-index medium. The
waveguide parameters are given by (1). The waveguide separation ft = 1.2
fim and the separation between the high-index overlay and waveguide 2 (1)
is 1.0 jtm. The fields are oscillatory in the region of the high-index overlay
representing a leaky mode and are not shown.

propagation constants of the TE modes of the waveguides are
widely spaced, the " + " and " - " supermodes would respec-
tively have most energy confined to the high index layer and
the waveguide #1 as shown in Fig. 3 (since nh » n,). Thus
the leakage loss of the first excited TE supermode (which is
peaked in the lower index waveguide) will be much smaller.
Hence, the TM polarized light launched into waveguide #1
would excite both the supermodes corresponding to the TM po-
larization and would suffer large leakage losses. On the other
hand, TE polarized light launched into waveguide #1 would
mainly_ excite only the supermode that has a peak in waveguide
#1, which has very low leakage losses.

Based on the same principle, it is also possible to obtain a
TM pass polarizer. In this case, the thickness of waveguide 2
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Fig. 3. Field (Ey) of the ( + ) and ( -) TE modes for the same resonant
tunneling polarizer structure as that of Fig. 2. In this case also there are
slow oscillations in Ey in the region of the high-index overlay, but the
amplitude of these oscillations is extremely small representing extremely
small leakage losses.

is adjusted such that the TE, mode of this waveguide is in res-
onance with the TE0 mode of waveguide 1 and the TM, mode
of waveguide 2 is cutoff. Hence, waveguide 2 has three modes:
TE0, TM0, and TE,, and waveguide 1 has two modes: TE0 and
TM0. The TE0 mode of waveguide 1 is made to be in resonance
with the TE, mode of waveguide 2. The TM0 mode of wave-
guide 1 is nonresonant with the TM0 waveguide 2 and the TE0

mode of waveguide 2 will have a very large effective index and
will therefore have almost no interaction with the TE0 mode of
waveguide 1. Therefore, if unpolarized light is launched into
waveguide 1, most of the TE mode power would tunnel out to
the high index overlay whereas the TM mode would propagate
with a relatively low loss. This structure would therefore be-
have as a TM pass polarizer.

III. RESULTS AND DISCUSSION

We have used the matrix method [8] to obtain the propagation
constant and loss of the TE and TM supermodes of the polarizer
structure. Calculations were performed for a waveguide having
the following parameters:

n, = 1.527, n2 = 1.5125, d = 2.0 /jm, and X = 1.3 /tm.

(1)

These values correspond to waveguides fabricated in glass [9].
As high index materials we have chosen silicon and TiO2 with
corresponding refractive index values at X = 1.3 /xm as

n(Si) = 3.5, n(TiO2) = 2.3

Fig. 4 shows the variation of the loss for the symmetric and
antisymmetric TM modes and the antisymmetric TE mode with
thickness of the silicon layer. It can be seen that there is a dis-
continuity in the loss curve for the TM (-I-) mode around a S:
layer thickness of 30-34 nm. This is the true resonance"region
where the losses are extremely large and we have therefore not
been able to show this on the same scale in the figure. The TE
( + ) supermode has an effective index higher than the refractive
index of the guiding layer of waveguide 1 and that of the high
index overlay and is therefore lossless. It can be seen that it is
possible to obtain extremely efficient polarizers with silicon as
the guiding layer of the high-index waveguide. However, it is
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Fig. 4. Variation of loss of the ( + ) and ( - ) TM modes and the ( - ) TE
mode with the thickness of the silicon layer corresponding to a waveguide
with parameters given by (1). The ( + ) TE mode has an effective index
greater than the refractive index of the high-index overlay and is therefore
lossless.
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Fig. 5. The variation of the loss of the ( + ) and ( - ) TM modes and the
( - ) TE mode with the thickness of the TiO2 layer. The refractive-index
values used are the same as those in Fig. 4 except for nh which is 2.3 for
TiO2. The separation between the two waveguides b has been increased to
2.0 ^m, and /, the distance between the high-index overlay and waveguide
2 has been increased to 1.6 /im.

also possible to have polarization action with materials of
smaller refractive index such as TiO2. The variation of TE and
TM mode loss with the thickness of the TiO2 layer is shown in
Fig. 5. It can be seen that for the same value of the TE mode
loss (as in the case of silicon) the TM mode loss that can be
obtained is much smaller in the case of TiO2 as compared to
silicon. This can be explained by the fact that since the refrac-
tive index of TiO2 is smaller than that of silicon, the separation
in the effective indexes of the TE and TM modes is much smaller
for the TiO2 waveguide. Therefore, the TE mode, though non-
resonant, would still have a considerable coupling into the high-
index overlay. In order to reduce this, the separation between
the two waveguides and the distance between the high-index
overlay and waveguide 2 have to be increased. This brings down
the TE mode loss by a considerable amount, but the TM mode
loss is also reduced. Therefore, the TM mode loss is much
smaller in the case of TiO2. The structure has been optimized
by using the following steps.

(a) The thickness of the high-index layer is so chosen that
the TM0 mode of waveguide 2 is in resonance with the TM0

mode of waveguide 1.
(b) The separation between the two waveguides is increased

till the TE mode loss comes down to less than 1 dB/mm.
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Fig. 6. The TE and TM mode losses corresponding to a TM pass polarizer
with silicon as the high-index layer. The values of the waveguide param-
eters are the same as in (1) and b = 3.0 fan and / = 1.32 /mi.

(c) The distance between the high-index overlay and wave-
guide 2 is adjusted such that the TM mode loss is maximised.

(d) The thickness of the TiO2 layer is then varied around the
resonance thickness to obtain a suitable operating point.

As explained earlier, we can also construct a TM pass polar-
izer based on the principle of resonant tunneling. In this case,
the TE, mode of waveguide 2 is made to be in resonance with
the TE0 mode of waveguide 1. Fig. 6 shows the variation of TE
and TM mode losses with the thickness of the silicon layer.
With such a structure it is possible to obtain TE mode loss up
to 24 dB/mm with a TM mode loss less than 0.8 dB/mm.

If the high-index overlay is replaced by a waveguide identical
to waveguide 1 we would have polarization splitting structure.
The results for such a structure will be published elsewhere.

IV. CONCLUSION

We have proposed a novel and highly efficient waveguide po-
larizer which is based on the phenomenon of resonant tunnel-
ing. We have suggested designs for both TE and TM pass
polarizers based on this principle. We have shown that with
such a device it is possible to achieve TM mode loss greater
than 80 dB/mm and TE mode loss less than 0.5 dB/mm for
the TE pass polarizer and TE mode loss of 24 dB/mm with a
TM mode loss less than 0.8 dB/mm for the TM pass polarizer.
Such a design can be used for the construction of integrated
optic polarizers as well as in line fiber-optic polarization com-
ponents such as polarizers, polarization splitters, etc.

REFERENCES

[1] R. A. Bergh, H. C. Lefevre, and H. J. Shaw, "Single mode fiber
optic polarizers," Opt. Lett., vol. 5, pp. 479-481, 1980.

[2] T. Hokasa, K. Okamoto, and J. Edahiro, "Fabrication of single
mode fiber type polarizer," Opt. Lett., vol. 8, pp. 124-126, 1983.

[3] W. Johnstone, G. Stewart, B. Culshaw, and T. Hart, "Fiber-optic
polarizers and polarizing couplers," Electron. Lett., vol. 24, pp.
866-868, 1988.

[4] K. Thyagarajan, S. Diggavi, and A. K. Ghatak, "Design and anal-
ysis of novel polarization splitting directional couplers," Elec-
tron. Lett., vol. 24, pp. 869-870, 1988.

[5] J. R. Feth and C. I. Chang, "Metal-clad fiber-optic cutoff polar-
izers," Opt. Lett., vol. 11, pp. 386-388, 1986.

[6] R. H. Stolen, A. Ashkin, J. E. Bowers, J. M. Dziedzic, and W.
Pleibel, "Polarization-selective fiber directional coupler," J.
Lightwave Technol, vol. LT-3, pp. 1125-1129, 1985.

[7] A. W. Snyder and A. Stevenson, "Polarization splitters and bi-
refringent couplers," Electron. Lett., vol. 21, pp. 75-77, 1985.

[8] A. K. Ghatak, K. Thyagarajan, and M. R. Shenoy, "Numerical
analysis of optical waveguides using matrix method," J. Light-
wave Technol., vol. LT-5, pp. 660-667, 1987.

[9] R. K. Lagu and R. V. Ramaswamy, "Process and waveguide pa-
rameter relationships for the designs of silver ion exchanged glass
waveguides," J. Lightwave Technol., vol. LT-4, pp. 176-181,
1986.

K. Thyagarajan was born in Vishakapatnam,
India on March 29, 1952. He received the B.Sc.
and M.Sc. degrees from the University of
Delhi, India and the Ph.D. degree from the In-
dian Institute of Technology, Delhi, India in
1971, 1973, and 1976, respectively.

In 1976, he joined the Department of Phys-
ics, Indian Institute of Technology, Delhi
where he is currently a Professor. During 1977-
1978 he worked at the Ecole Normale Supe-
rieure, Paris, France and Central Research

Laboratories (LCR) Thomson-CSF Orsay, France. During 1983-84 he
was on sabbatical leave at LCR Thomson-CSF, Orsay, France. His
current interests are in the fields of fiber and integrated optics, fiber-
optic sensors nonlinear effects in optical waveguides and applied op-
tics. Besides several research publications to his credit, he is also the
coauthor (with A. K. Ghatak) of three books: Contemporary Optics
(New York, Plenum, 1978), Lasers: Theory and Applications (New
York, Plenum, 1981), and Optical Electronics (Cambridge University
Press, UK, 1989) and one review "Graded Index Optical Waveguides:
A Review," in Progress in Optics, (E. Wolf, Ed.) vol. XVIII, 1980.
He is on the Editorial Board of Institution of Electronics and Telecom-
munication (India) journal.

He is an awardee of the Indian National Science Academy Research
Fellowship for the period 1988-91.

*
Supriya Diggavi Seshadri was born in Bar.
galore, India. She received the M.Sc. degree in
Physics from the Indian Institute of Technol-
ogy, Madras and the Ph.D. degree rom the De-
partment of Physics, Indian Institute of
Technology, Delhi in 1985 and 1990, respec-
tively. Her doctoral work was on fiber and in-
tegrated optic polarization devices.

She is currently working in the Department
of Electrical Engineering at Indian Institute of
Technology, Madras as a Senior Project Offi-

cer. Her research interests are in the area of fiber and integrated optic
devices including wavelength filters, polarizers and switches.

*
A. K. Ghatak was born in Lucknow, India, on
November 9, 1939. He received the B.Sc. de-
gree from Agra University, Agra, India, and
the M.Sc. degree in physics from Delhi Uni-
versity, Delhi, India, and the Ph.D. degree
from Cornell University, Ithaca, NY, in 1957,
1959, and 1963, respectively.

In 1962, he worked for five months in the
Reactor Physics Group at General Atomics, San
Diego, CA, and from 1963 to 1964, he worked
as Research Associate in the Department of

Nuclear Engineering at Brookhaven National Laboratory, Upton, NY.
From 1964 to 1966, he was in the Department of Physics, Delhi Uni-
versity, and since 1966, he has been in the Indian Institute of Tech-
nology, New Delhi, where he is currently Professor of Physics. From
1973 to 1974, he was Visiting Scientist in the Department of Electrical
Engineering, Drexel University, Philadelphia, PA, and from 1977 to
1978, he was Visiting Fellow in the Department of Applied Mathe-
matics and Engineering Physics, Institute of Advanced Studies, Aus-
tralian National University, Canberra. He was Visiting Professor at the
University of New South Wales, Sydney, Australia, and at the Na-
tional University of Singapore, during 1983-1984 and 1984-1985, re-
spectively. During the summer of 1987, he was Visiting Professor at
the Institut fur Hochfrequenztechnik and Quantenelectronik, Univer-
sitat Karlsruhe, West Germany.

Dr. Ghatak is a recipient of the 1979 Bhatnagar Award (Instituted
by CSIR, India) and 1990 Ram Lai Wadhwa Award of the Institute of
Electronics and Telecommunication Engineering, India. His current
interests are in the theory of optical waveguides and propagation of
electromagnetic waves. He has published over 130 research papers and
several books including Contemporary Optics (coauthored with K.
Thyagarajan, New York: Plenum), Inhomogeneous Optical Wave-
guides (coauthored with M. S. Sodha, New York: Plenum), Self Fo-
cusing of Laser Beams (coauthored with M. S. Sodha and V. K.
Tripathi, New Delhi, India: Tata McGraw-Hill), Optics (New Delhi:
Tata McGraw-Hill), Lasers: Theory and Applications (coauthored with
K. Thyagarajan, New York: Plenum), and Optical Electronics (coau-
thored with K. Thyagarajan, Cambridge University Press, UK). Inho-
mogeneous Optical Waveguides has been translated into Russian and
Chinese.


